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Abstract: Hot corrosion behavior of Ti-48Al-2Cr-2Nb alloy in molten salt environment of 75% Na2SO4 and 25% NaCl (mass 
fraction) at 800 °C was studied using oxidation kinetics analysis, scanning electron microscopy, X-ray energy dispersive and X-ray 
diffraction analyses. The inter-phase selective corrosion, which caused the corrosion pits initiated from lamellar interfaces and the 
preferential corrosion of α2 phases, was observed during the hot corrosion of the alloy. The common controls of thermodynamic and 
kinetics in corrosion reactions with fluxing and active oxidation process were considered the essential hot corrosion mechanisms of 
the alloy. Moreover, lamellar refinement was proved to be an effective way to mitigate the inter-phase selective corrosion of the alloy 
in molten salts. 
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1 Introduction 
 
γ TiAl-based intermetallics has recently become the 
research focuses as a kind of promising candidate 
materials for the hot components of advanced 
aero-engines, on account of their lower densities, high 
specific strengths and excellent high-temperature 
performances [1−3]. However, the hot corrosion process 
becomes a noticeable problem which might impact the 
performances of γ TiAl alloys, especially when they are 
served in the ocean envirement. Sodium chlorides in the 
marine atmosphere, which can be carried by the water 
vapor into the turbine engine, will react with the sulfur as 
an impurity in fuel at high temperature easily. 
Accordingly, a layer of salt deposits composed of NaCl 
and Na2SO4 will form on the surfaces of components and 
will cause the hot corrosion of the alloys finally [4]. In 
view of this, many researches have been carried out and 
some mechanisms have been proposed on the hot 
corrosion behavior of γ TiAl-based intermetallics in 
molten salt environments [5−14]. It was reported that the 
NaCl corroding environment increased the oxidation rate 
of Ti-47Al-2Nb-2Mn alloy at high temperature, and 
porous oxide scale formed due to the existence of Cl2, 
Na2Cl2 and NaCl volatile atmosphere [5]. Corrosion 
mechanisms of γ TiAl alloys with different compositions 
were also studied, and the results showed that Al, Cr and 
Ag had positive effects on the corrosion resistances of γ 
TiAl alloys at high temperature [7−8]. The influence of 
molten salt environment on the mechanical properties of 
γ TiAl alloys was investigated as well [9]. The study 
proved that the molten salt environment reduced the high 
temperature tensile properties of the alloys significantly. 
Local stress, convolutions of the layer and a tendency to 
cracking parallel to the interface were considered to be 
the main reasons of the property degradations. 
As a class of intermetallics, γ TiAl alloys possess 
peculiar bonding properties and lamellar dual-phase 
microstructures, which bring many special characteristics 
to their oxidation behaviors [15−26]. As mentioned 
above, researches on the microstructures and properties 
of oxidation scales formed during the hot corrosion 
processes of γ TiAl alloys have provided a wealthy of 
valuable information. However, little attention was paid 
to the relationships between matrix microstructures and 
microscopic corrosion behaviors of γ TiAl alloys. The 
morphology of the matrix-scale interface as well as the 
microscopic paths of the corrosion pits penetrating into 
the matrix can change the surface states of the alloys 
directly. While the surface states of the alloys even with 
thermal barrier coatings may have significant effects on  
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the oxidation resistances and the mechanical properties 
especially the fatigue properties of the components 
during service [27]. As a result, higher service 
performances could be achieved by microstructure 
optimization, if the qualitative and quantitative 
relationships between the hot corrosion behaviors and the 
original matrix microstructures of the alloys can be 
determined experimentally. Certainly, the local 
modification of surface structure or the integral 
optimization of alloy structure may be effective. 
In this view, the hot corrosion tests of Ti-48Al- 
2Cr-2Nb alloy were carried out with a salt mixture of 
75% Na2SO4 and 25% NaCl (mass fraction) at 800 °C in 
the present work. Corrosion kinetics, corrosion products 
as well as the microstructure morphologies of the 
corrosion oxide scale and the matrix-scale interface were 
studied. Especially, the relationships between the 
corrosion paths and the lamellar structure, as well as the 
hot corrosion mechanism involving an important 
phenomenon named inter-phase selective corrosion were 
also discussed. Furthermore, hot corrosion tests of the γ 
TiAl alloys with different lamellar spacing were 
conducted either, in order to find an effective way to 
improve the hot corrosion resistance of the alloy. 
 
2 Experimental 
 
2.1 Materials and specimens preparation 
Ti-48Al-2Cr-2Nb alloy with a near-fully lamellar 
microstructure composed of γ (TiAl) and α2 (Ti3Al) 
phases was used in the present study. The alloy 
specimens with different lamellar spacing were prepared 
by heat treatments at 1 320 °C with different cooling 
rates of 1 °C/min, 20 °C/min, furnace cooling and air 
cooling, respectively. 
The specimens for hot corrosion and oxidation tests, 
with dimensions of 10 mm×8 mm×1 mm, were ground 
and polished before tests. After hot corrosion tests, the 
surface morphology observations were carried out 
directly without any surface treatments, while the 
cross-section morphologies of the oxide scale and matrix 
alloy were observed after nickel electroplating of the 
specimen surfaces, on the purpose of scale protection. 
 
2.2 High temperature oxidation and corrosion testing 
methods 
Hot corrosion tests in the present study were 
implemented in a self-designed hot corrosion testing 
system as shown in Fig. 1. The testing system was 
composed of a tube furnace with two independent 
temperature zones and a dumbbell-shape quartz glass 
tube in it. Uniform corroding atmosphere was generated 
in Zone I and was taken to Zone II with blowing air. The 
concentration of molten salt atmosphere was controlled 
by the temperature of Zone I and the flux of blowing air. 
 
 
Fig. 1 Schematic diagram of high temperature corrosion testing 
system 
 
In the present work, the hot corrosion tests of the 
alloy were carried out with a salt mixture of 75% Na2SO4 
and 25% NaCl (mass fraction) at 800 °C, and the 
temperature of Zone I was 900 °C. The flow rate of the 
blowing air was about 300 mL/min. Different specimens 
were taken out of the furnace with air cooling and were 
weighed after different intervals of time. Three data of 
the mass gains per unit area of every specimen were 
measured and calculated, and the average values were 
used to plot the kinetics curves. Microstructure 
observations and composition analyses were carried out 
using an S4800 field-emission scanning electron 
microscope (SEM), X-ray dispersive spectrometer (EDS) 
and a D/max type X-ray diffractometer (XRD) with Cu 
target. As comparison, high temperature oxidation tests 
of the alloy were also carried out at 800 °C in the tube 
furnace. 
 
3 Results 
 
3.1 Hot corrosion kinetics 
After the hot corrosion tests of the alloy with a salt 
mixture of 75% Na2SO4 and 25% NaCl at 800 °C, the 
hot corrosion kinetics curve was plotted together with 
high temperature oxidation kinetics curve as comparison, 
as shown in Fig. 2. The two kinetics curves both obeyed 
the parabolic laws, which are common for γ TiAl alloys 
[7, 15]. It is noteworthy that the absolute values as well 
as the increasing rates of the mass gains per unit area in 
hot corrosion specimens were obviously higher than the 
ones in oxidation specimens, even when the exposure 
time was short. This result indicates that the existence of 
the molten salt corroding environment accelerated the 
oxidation process of the γ TiAl alloy at 800 °C evidently. 
 
3.2 Composition and microstructure of hot corrosion 
oxide scale 
Hot corrosion products were detected on 
macro-scale by XRD analyses in the present work, and 
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the results revealed that TiO2 and α-Al2O3 were the main 
products of the alloy in the molten salt environment as 
shown in Fig. 3. Moreover, a few NaCl salts were also 
detected on the surfaces of hot corrosion specimens, 
which proved the existence of the molten salt 
environment during oxidation. However, neither direct 
reaction products of the alloy with molten salts 
composed of metal elements (Ti, Al) and corroding 
elements (S, Cl) nor Ti-Al-O compounds were detected 
during the hot corrosion of the γ TiAl alloy. 
 
 
Fig. 2 Kinetics curves of hot corrosion with molten salts at  
800 °C and high temperature oxidation at 800 °C of Ti-48Al- 
2Cr-2Nb alloy 
 
 
Fig. 3 XRD patterns of specimens after hot corrosion with 
molten salts at 800 °C 
 
The corrosion oxide scale was loose and porous 
according to the cross-sectional morphology, as shown in 
Fig. 4(a). Large numbers of micro-cracks were 
discovered in the scale as well as at the matrix-scale 
interface, implying the poor adhesive ability of the 
corrosion oxide scale. Furthermore, many corrosion pits 
also showed up at the interface, some of which had 
extended into the matrix alloy along lamellar structure. 
Differently, it was obvious that the matrix-scale interface 
in high temperature oxidation specimen was relatively 
straight with no pit, even when the oxidation time was 
long enough, as shown in Fig. 4(b), which proves the 
higher adhesive ability of the scale. 
In addition, the multilayer microstructure of the 
corrosion oxide scale also revealed the micro-process 
during the hot corrosion of the alloy. The cross-sectional 
morphology in the left part of Fig. 4(a) showed the 
corrosion oxide scale was composed of a more dense 
lower scale and a looser porous upper scale. The X-ray 
line scanning perpendicular to the corrosion surface 
showed that the mole fraction of Ti in upper scale was 
higher than that in lower scale markedly, as shown in  
Fig. 5. In other words, the lower compact scale was 
mainly composed of oxidation products of Al, while the 
upper loose scale was composed of TiO2 and Al2O3. 
These results could provide some evidences to the hot 
corrosion mechanism of the alloy, which would be 
discussed later. 
 
3.3 Inter-phase selective corrosion of lamellar 
microstructure 
Figure 6 demonstrates the surface morphologies of 
the corrosion oxide scale with different thicknesses of 
corrosion products deposited in different areas. 
Comparing the shapes and microscopic dimensions    
of these areas with the ones in the original matrix 
 
 
 
Fig. 4 SEM cross-sectional morphologies of hot corrosion and 
high temperature oxidation scale after 84 h exposure at 800 °C: 
(a) Hot corrosion specimen; (b) high temperature oxidation 
specimen 
Wen-yue ZHAO, et al/Progress in Natural Science: Materials International 21(2011) 322−329 
 
 
325
 
 
Fig. 5 EDS line scanning results of hot corrosion oxide scale 
after 53 h exposure at 800 °C 
 
microstructure, the surface morphologies of the corrosion 
oxide scale are considered to reflect the lamellar 
structure of matrix alloy below, as the specimen surfaces 
were polished before hot corrosion test. The EDS results 
demonstrated that the oxides, which were deposited 
mainly at α2 phase areas with larger thickness, were 
mainly composed of TiO2, as shown in Fig. 6(a). This 
phenomenon is considered the result of the corrosion rate 
differences among the two phases and the grain 
boundaries, which is called inter-phase selective 
corrosion in this study. 
 
 
 
Fig. 6 Composition and microstructure morphologies of 
specimen surface after hot corrosion in molten salt environment 
at 800 °C for 17 h: (a) Without exfoliation; (b) With exfoliation 
Few local exfoliation of corrosion oxide scale was 
also discovered in hot corrosion specimen, which was 
proved to be the result of the high cooling rate during air 
cooling by another hot corrosion test with furnace 
cooling (see Fig. 6(b)). Similar morphology reflection of 
the lamellar structure in matrix alloy showed up again in 
the exfoliation area, except the protuberant morphologies 
of the oxides formed at α2 phases discussed above had 
changed into pits along the lamellae instead. 
In order to investigate the microstructure of the 
corrosion pits more clearly, the concentration of the 
molten salt atmosphere was increased by decreasing the 
flux of blowing air to 30 mL/min in the hot corrosion test, 
which could highly accelerate the corrosion process. 
After exposure in the corroding environment for 2 h with 
surface oxide cleaning in boiled water, the corrosion pits 
were found to extend into the matrix alloy with paths 
along lamellar structures as shown in Fig. 7(a), named as 
hot corrosion paths in this paper. Similar high 
temperature oxidation tests were conducted and the 
results eliminated the possibility of chemical etching as 
the cause of the corrosion pit formation. Via the 
magnification of the pit tips, it was distinct that the 
corrosion paths initiated from the lamellar interfaces and 
the α2 phases were corroded with priority subsequently. 
The alloy suffered more serious hot corrosion attack after 
exposure for 50 h, in which a large number of comb-like 
corrosion pits along the lamellar structure were found 
near the surface, as shown in Fig. 7(b). Furthermore, 
evident internal oxidation along the lamellae direction 
showed up with increasing exposure time in molten salt 
atmosphere in the specimen without surface oxide 
cleaning and protected by electroplating, as shown in  
Fig. 7(c). Severe exfoliation of the corrosion oxide scale 
also happened induced by the higher concentration of the 
molten salt atmosphere. This result suggested that 
corrosion products might fill the corrosion paths along 
the lamellar structure through internal oxidation, but 
easily spalled to leave corrosion pits in the matrix owing 
to their loose structures and poor adhesion. Although the 
concentration of the molten salt atmosphere was much 
higher than that in actual service environment, the results 
obtained revealed that the corrosion pits along the 
lamellae caused by the inter-selective corrosion might 
bring negative impact on the performances of the alloy 
after long time exposure. 
 
3.4 Effects of lamellar refinement on hot corrosion 
resistance 
Based on the experimental results described above, 
the inter-phase selective corrosion process of the alloy is 
considered to have close relationship with lamellar 
structure. Therefore, research on the effects of   
lamellar refinement on hot corrosion resistance was also 
Wen-yue ZHAO, et al/Progress in Natural Science: Materials International 21(2011) 322−329 
 
 
326 
 
 
 
Fig. 7 SEM cross-sectional morphologies of matrix alloy below 
corrosion oxide scale after hot corrosion at 800 °C with 
increased concentration of molten salt atmosphere: (a) After 
exposure for 2 h with surface oxide cleaning in boiled water; (b) 
After exposure for 50 h with surface oxide cleaning in boiled 
water; (c) After exposure for 10 h with electroplated protection 
layer 
 
conducted, so as to find a way to alleviate the negative 
influences of the inter-phase selective corrosion. Figure 8 
shows the kinetics curves of the hot corrosion with the 
same molten salts at 800 °C of Ti-48Al-2Cr-2Nb alloys 
with different lamellar spacing. It was obvious that the 
absolute value of corrosion mass gain per unit area, as 
well as the curve slope, were both increased with 
increasing lamellar spacing. In other words, the lamellar 
refinement achieved via heat treatment could decrease 
the hot corrosion rate of the γ TiAl alloy evidently. The 
cross-section morphology of the corrosion oxide scale in 
the heat-treated alloy with air cooling in Fig. 9 indicates 
that the thickness of corrosion oxide scale formed in 
lamellar-refined alloy reduced, with a more continuous 
and compact Al2O3 layer. Meanwhile, the matrix-scale 
interface was also straighter with much fewer and 
smaller corrosion pits, especially the ones along the 
lamellae caused by the inter-phase selective corrosion 
were rarely discovered in the lamellar-refined specimen 
even when the exposure time was as long as 94 h. 
 
 
Fig. 8 Kinetics curves of hot corrosion with molten salts at 800 
°C of Ti-48Al-2Cr-2Nb alloys with different lamellar spacing 
 
 
 
Fig. 9 SEM cross-sectional morphologies of hot corrosion 
oxide scale in heat-treated alloy with air cooling after 94 h 
exposure at 800 °C 
 
4 Discussion 
 
Hot corrosion is generally considered a damage 
process of protective surface scale, resulting from the 
formation of molten deposits combined with the 
contaminations from air and fuel. Two main types of hot 
corrosion are defined as high temperature hot corrosion 
(HTHC) and low temperature hot corrosion (LTHC). 
Although these two types of hot corrosion commonly 
happen in different temperature ranges, the classification 
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is primarily based on the morphology of hot corrosion 
attack in the alloy [28]. The results obtained in the γ TiAl 
alloy in the present study are basically consistent with 
the characteristics of LTHC, in which a layered type of 
corrosion scale shows without denuded scale, sub-scale 
sulfide particles and inter-granular attack [28]. The salt 
fluxing mechanism proposed by Goebel and Pettit 
originally, is considered as the main hot corrosion 
mechanism, in which the corrosion attack sustains by the 
dissolution of protective oxide in the fused salts and the 
re-precipitate as non-protective oxide particles in salt 
film [4, 9, 29, 30]. According to the oxide solubility 
measurements in molten Na2SO4 by Rapp et al, it is 
argued that Al2O3 is one of the most acid oxides and is 
prone to dissolution in molten salts via the combination 
with O2 to form AlO2− anions, which is called basic 
fluxing mechanism. On the other hand, element Ti is 
always leading to a hot corrosion by acid fluxing through 
the oxidation and complex with oxide ions [30]. The 
co-presence of TiO2 and Al2O3 might change the single 
fluxing mechanism of either oxide and even accelerate 
the hot corrosion attack, named as synergistic hot 
corrosion by Hwang et al [31]. This might be the 
essential source of the severe corrosion of the γ TiAl 
alloy in the molten salt atmosphere, comparing with the 
high temperature oxidation circumstances. 
The inter-phase selective corrosion of the lamellar γ 
TiAl alloy presented in this study has a close relation 
with its morphologic features and the compositions of its 
two-phase laths. Although similar phenomena also exist 
during the high temperature oxidation process, the 
participations of corroding elements S and Cl in the 
intermediate reactions during the fluxing process would 
promote the occurrence of inter-phase selective corrosion 
and enhance its negative impacts. By combining the 
experimental results mentioned above with the existing 
research results [4, 32, 33], the hot corrosion microscopic 
process of the γ-TiAl alloy in molten salts is considered 
as follows. In the initial corrosion stage, element Al is 
oxidized preferentially with more negative oxidation 
Gibbs free energy, which is similar to high temperature 
oxidation process. However, it is argued that an O2−-rich 
atmosphere is produced through the decomposition of 
sulfate ion from molten Na2SO4, and reacts with Al2O3 to 
form anions (i.e. basic fluxing). Furthermore, the AlCl3 
formed owing to the existence of NaCl also reacts with 
O2 further to release chlorine gas. Even worse, AlCl3 
could be created again through the reaction between Al 
and Cl2, and this self-sustaining process of the 
volatilization and re-production of chloride is generally 
called active oxidation mechanism, which makes the 
corrosion attack more extensive. Based on the fact that 
the attack of aluminum is also thermodynamically 
favored, thicker alumina layer forms on the γ lamellae 
surface which has higher atom fraction of Al. As a result, 
uneven surface morphology shown in Fig. 6(b) appears, 
which is called inter-phase selective corrosion in this 
paper. Although this initial stage lasts very short time, 
the basic fluxing and active oxidation processes destroy 
the continuity of the scale and make it non-protective. 
Subsequently, element Ti begins to participate in 
the oxidation reactions, which has lower activity but 
higher diffusion rate than Al. As a result, kinetics process 
starts to dominate and oxide compounds of Al2O3 and 
TiO2 are produced at alloy surface. The fluxing and 
active oxidation processes of Ti and Al proceed in this 
stage simultaneously, in which loose and non-protective 
oxides re-precipitate consequently. On the contrary, 
protuberant morphologies of the corrosion scale show up 
at α2 lath surfaces on account of the higher growth rates 
of titanium oxides as well as the higher atom fractions of 
Ti in α2 phases. 
Finally, internal oxidation occurs as the corrosion 
reactions carry through and the Al and Ti in near surface 
alloy are consumed gradually. The invasion of S and Cl 
towards the interface between corrosion oxide scale and 
matrix alloy under higher partial pressure may be the 
main reason of the internal oxidation, and the porosities 
in the corrosion oxide scale become rapid diffusion 
channels of these corroding atoms [5]. Moreover, the 
acid fluxing will cause more severe oxidation than the 
basic fluxing, owing to its self-sustaining characteristic 
[34]. As a result, the internal oxidation of α2 phases 
containing more Ti conducts much faster and the 
corrosion pits located in α2 laths form. 
The important roles of boundaries act during the 
high temperature oxidation of metals are considered to 
contain two respects [35]. As for pure metals, increasing 
boundaries will accelerate the oxidation process, owing 
to the increasing diffusion paths for cations and the 
reduced interface voids. These are called the negative 
effects of boundaries in oxidation. On the contrary, in 
most cases, positive effects of boundaries present in the 
oxidation of alloy, as selective oxidation between 
different elements exists widely. In this circumstance, 
boundaries act as a short-circuit diffusion channels and 
are favorable to selective oxidation process. 
Consequently, much more boundaries brought by the 
microstructure refinement always lead to the faster 
formation of protective oxide scales and improve the 
oxidation resistances of the alloys. In the case of γ TiAl 
alloy in the present work, although continuous and 
protective corrosion oxide scale is hard to obtain, the 
increasing phase boundaries brought by lamellar 
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refinement still promote the oxidation of Al and elevate 
the blocking ability of the scale from the corroding 
environment invasion. As a result, the negative effects of 
the inter-phase selective corrosion in the γ TiAl alloy are 
mitigated due to the protection of more compact and 
continuous Al2O3 scale, which will bring benefits to the 
corrosion resistances as well as the mechanical properties 
especially fatigue properties at high temperature of the 
alloy. 
 
5 Conclusions 
 
1) The molten salt corroding environment 
consisting of 75% Na2SO4 and 25% NaCl accelerated the 
oxidation process of Ti-48Al-2Cr-2Nb alloy at 800 °C 
evidently. The corrosion oxide scale was loose and 
porous with poor adhesive ability to matrix alloy. TiO2 
and α-Al2O3 were the main products during the hot 
corrosion of the alloy. 
2) Inter-phase selective corrosion presented during 
the hot corrosion process of Ti-48Al-2Cr-2Nb alloy, and 
the composition differences among the two phases and 
grain boundaries were considered to be the essential 
reasons of this phenomenon. Corrosion paths initiated 
from lamellar interfaces and corrosion priority of α2 
phases was also the main features of the hot corrosion in 
this dual-phase alloy, especially when the concentration 
of the molten salt atmosphere was higher. 
3) The common controls of thermodynamic and 
kinetics in corrosion reactions with fluxing and active 
oxidation process were considered the essential 
mechanisms of the hot corrosion in Ti-48Al-2Cr-2Nb 
alloy. Rapid acid attack to Ti caused the severe internal 
oxidation and the corrosion paths along α2 laths. 
4) Lamellar refinement of Ti-48Al-2Cr-2Nb alloy 
was proved to be an effective way to mitigate the 
inter-phase selective corrosion in molten salts, owing to 
the promoted formation of Al2O3 protective scale by 
increasing phase boundaries, which act as short-circuit 
diffusion channels and are beneficial to selective 
oxidation process. 
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